The second lumbar vertebra was surgically removed from 10 dogs, and the shortened vertebral column was stabilized by internal fixation with two types of plastic plates. Shortening of the spinal column was usually not associated with detectable loss of function or neurological deficit. Histological lesions, however, included widely disseminated axonal degeneration, gliosis, and atrophy of spinal nerve roots in the surgical area. The spinal cord adapted to shortening of the vertebral column by becoming intrinsically shorter, rather than by being displaced within the spinal canal.
T HE spinal cord of man and animals is often affected by disease in surrounding structures. Because a functional spinal cord is necessary for normal existence, diseases of the vertebrae are often incomparably more damaging than similar processes in other parts of the skeletal system. Attempts at total removal of normally developed vertebrae rostral to the termination of the spinal cord and thus consequent shortening of the spinal column by the length of the removed segment have not been reported. Such a procedure is described in this paper.* *Accepted veterinary terminology is used in this paper, except where specific reference is made to man. The terms "posterior" and "anterior" used
Materials and Method

Experimental Materials
Ten adult dogs, male and female of varying breeds, were used in this study. Group 1 consisted of five small dogs (11.3 to 15.5 kg), and Group 2 consisted of five large dogs (30.0 to 33.6 kg) ( Table 1) .
Plastic (Kynar vinylidene flouride resin)t spinal plates of two kinds were used to imin reference to the human spine are "dorsal" and "ventral" in animals. Vertebral and spinal cord segments are referred to by numbers (e.g., 1st and 2nd lumbar or L-1 and L-2).
tKynar plastic was manufactured by Pennwalt Chemical Corporation, Philadelphia, Pennsylvania. and neurological competence spinal instability secondary to septic necrosis of spinous processes of T13-L3, draining fistulas, fracture of vertebral-body plate, temporary ataxia in hindlegs, regained neurological competence mobilize the spinal columns following surgery? ~'27 A pair of Lubra* plates were attached to spinous processes with stainless steel bolts ( Fig. 1) , and a single plate of a different type was attached dorsolaterally to vertebral bodies with bone screws (Fig. 2) .t Twelve hours before surgery lateral and ventrodorsal radiographs were taken of the thoracolumbar vertebrae. Procaine penicillin (22,000 units/kg), dihydrostreptomycin (11 mg/kg), and dexamethasone (Azium, 1 mg/kg) were administered subcutaneously. Immediately before surgery, atropine sulfate (0.22 mg/kg), plus repeat doses of antibiotics and dexamethasone, were administered.
Anesthesia was induced with intravenous thiamylal sodium (Surital) and maintained 9 vith methoxyflurane (Metofane).~
Surgical Procedure
Details of the surgical procedure have been previously reported. 27 The 2nd lumbar vertebra was removed and the spinal column shortened by the length of the segment removed. Local spinal cord hypothermia was induced by intermittently pooling partially frozen Ringer's solution in the wound. Postsurgical radiographs were taken of each dog.
Dexamethasone was repeated every 12 hours for 3 days. Thereafter, the dose was There is one friction-grip surface for secure grasp on the spinous processes. The plates were designed to span six vertebrae. Spinous processes of three vertebrae rostral and caudal to the surgical site were clamped by passing bolts through holes in the plates and between, rather than through, the spinous processes. Holes in both sizes of plates are 2.778 mm in diameter. The larger plates (left) are 1.5 cm wide, 22.5 cm long, and holes in the center of the plates are 1 cm apart. The smaller plates (right) are 1 cm wide, 16.5 cm long, and holes are 0.8 mm apart.
reduced by 50% every day for 5 days, when the drug was discontinued. Antibiotics were administered every 12 hours and continued for 10 days following surgery.
Postmortem Evaluation
Terminally, dogs were anesthetized and exsanguinated, and the vasculature flushed with a buffered isotonic electrolyte solution. An intraarterial, vasopressor-potentiated, perfusion technique employing an 86% (vol/vol) FIG. 2. Lateral (a) and ventromedial (b) views of the smaller and larger plastic vertebral-body plates designed for plating the dorsolateral side of the apposed 1st and 3rd lumbar vertebral bodies. The curved central portion of the plate accommodates the spinal nerves and blood vessels that pass beneath it. The plates were attached to the vertebral bodies by four bone screws, two in each vertebral body.
formalin solution was used to fix the central nervous system. The dura mater was incised sagittally over the dorsal midline of the spinal cord from the midthoracic area to the end of the cord. Each intervertebral space between T10-L6 was identified. Spinal cord segments in this area were related to the vertebrae in which they were enclosed, and dorsal root origin lengths and dorsal interroot lengths were measured along one dorsolateral sulcus of the cord as described by Fletcher and Kitchell. 11 Levels at which spinal cords terminated were also determined.
Histological examination was made of muscle supplied by ventral branches of the 1st and 2nd lumbar spinal nerves of each side, spinal cord, and fibrous connective tissue capsules surrounding the plastic plates. Twelve spinal cord sections, including 11 cross sec-tions and one longitudinal section, were taken from each of nine dogs; the longitudinal section was of the 1st and 2nd lumbar segments and cross sections were of the 1 st and 7th cervical, 7th, 10th, 12th, and 13th thoracic, and 1st, 2nd, 3rd, 4th, and 6th lumbar segments. Representative bone samples were cut 3 to 5 mm thick and decalcified in 10% ethylenediaminetetraacetate as described by Birge 
Short-Term Results
All dogs walked within 14 to 72 hours of surgery, although sedation and postsurgical pain restricted activity for several days. By 3 or 4 days most dogs were active and walking at will. Three large dogs that were walking well during dexamethasone therapy showed significant deterioration after the drug was discontinued. It was necessary to reinstitute or continue dexamethasone therapy in Dogs 6, 7, 8, and 10. Three of these (Dogs 6, 8, and 10) became functionally and neurologically competent during the long-term observation period. The day following surgery, Dog 7 stood and walked unassisted for a short distance; although he never walked normally, he gradually improved until the 18th postsurgical day when he suddenly lost all ability to walk. Exaggerated reflex activity, loss of pain perception, and crossed extensor reflexes were observed in the rear legs.
Long-Term Results
After all dogs in Group 1 and three dogs in Group 2 had recovered from surgery, they became clinically normal, walking, running, and jumping without signs of physical impairment; one (Dog 6) even managed to climb a chain link fence more than 2 m high.
For a variable period after surgery every dog showed evidence of paralysis in abdominal muscles innervated by the 1st and 2nd lumbar spinal nerves. At first when the dogs barked, both flanks bulged outward; after several weeks this sign completely disappeared.
Neurological examinations of all dogs except Dog 7 (Group 2) were normal during the long-term observation period. It was never possible to correlate known surgical injuries of specific nerve branches or arteries with clinical evidence of injury.
Alignment and stability of vertebral columns were evaluated by comparing radiographs taken at the beginning and end of the observation periods. Alignment of vertebrae remained unchanged after surgery in all but Dog 7, in which the segment of the spine caudal to the site of vertebral fusion was displaced ventrally. In all dogs, osseous fusion between the bodies of the 1st and 3rd lumbar vertebrae was incomplete, although mineralization of tissues forming ventral aspects of the interface was evident radiographically. Radiographic evidence of fusion between articular facets of the 1st and 3rd lumbar vertebrae was variable. Typical postsurgical radiographs are shown in Fig. 3 .
Necrosis of spinous processes occurred in Dogs 2 and 10. In Dog 2, spinous-process plates migrated dorsally and were surgically removed after 6 months; the dog recovered rapidly and remained normal during the remainder of the 468-day observation period. In Dog 10, similar evidence of necrosis of the spinous processes was observed. Unlike Dog 2, this dog had spinal instability and required the external support of a body bandage in order to walk well; abscesses caused by Staphylococcus aureus became evident along the spinous-process plates on the 50th postsurgical day.
FIG. 3. Dog 9. X-ray films of the thoracolumbar spine lateral (upper) and ventrodorsal (lower) views, 134 days following surgery. The space between the 1st and 3rd lumbar vertebrae (arrow) is approximately equal in width to the normal intervertebral spaces on either side. Spinal plates are attached to the processes of the 12th and 13th thoracic, 1st, 3rd, 4th, and 5th lumbar vertebrae with bolts. A vertebralbody plate is attached to the dorsolateral aspect of the 1st and 3rd lumbar vertebrae by bone screws.
Postmortem Results
Gross Pathology. Gross lesions were similar in most dogs. Spinal plates were surrounded by capsules of connective tissue to which the epaxial muscles were attached. Connective tissue capsules surrounding the vertebral-body plates were thinner than those surrounding the spinous-process plates. In three of the four dogs of Group 2 (Dogs 8, 9, and 10), the vertebral-body plates were fractured through the central, curved portion with little or no displacement between halves.
Neurogenic muscle atrophy was not observed in any of the dogs. The 1 st and 2nd spinal nerves emerged through scar tissue between the 1st and 3rd lumbar vertebrae.
The dorsal branches of the 1st lumbar nerves frequently emerged in an anterolateral direction, rather than caudolaterally, but this nerve curved caudally a short distance (1 to 2 cm) from the intervertebral foramen.
Adhesions were present between the dura mater and endosteum of the spinal canal where the 1st and 3rd lumbar vertebrae had been apposed. Healing at the fusion site frequently resulted in formation of a ridge of scar tissue on the floor of the spinal canal.
Spinal cords within the opened dura of all but Dog 7 appeared nearly normal (Fig. 4) . The dorsal rootlets of the 1st and 2nd lumbar nerves were slightly thickened, and in some dogs slightly discolored (yellow to tan) and The bodies of L-1 and L-3 were firmly united by cartilage and connective tissue (Fig.  5) . Some bone or calcified cartilage was present in the scar tissue on the ventral aspect of the interface between the 1st and 3rd lumbar vertebral bodies; however, after vertebralbody plates were removed, mobility at the fusion sites was approximately equal to that at the normal intervertebral spaces on either side. In Dog 3 there was a slight scoliosis at the fusion site (Fig. 4) . In Dog 2, spinous processes of T-13, L-I, and L3-5 were absent and replaced by connective tissue; a 3-mmwide band of light-colored, dense, compact bone surrounded the bone screws in the cancellous bone of the 1st and 3rd lumbar vertebral bodies.
In Dog 7, which had posterior paralysis, the plates attached to spinous processes were securely in place; however, the bone screws used to attach the vertebral-body plate to the 1st lumbar vertebra had broken out of the 15 bone, and the plate was no longer functional. length and dorsal interroot length) for Groups 6 1 and 2 were used to calculate the total length of individual spinal cord segments (Table 3) . 4 Mean values of comparable measurements 4 2 made on normal dogs 1~ were used to calculate total segment lengths for comparison (Table  3 4). These values for the 1 lth, 12th, and 13th 3 thoracic and 1st through the 5th lumbar cord 2 segments are illustrated graphically in Fig. 6 . Because the three groups of dogs were of different sizes, only relative segment lengths within each group can be compared. The 1st lumbar spinal cord segment, normally located within the vertebral segment removed (2nd lumbar vertebra), was shortened the most. Cord segments immediately rostral and caudal to this point were shortened to a lesser degree. Changes in vertebral-spinal cord segment relationships were limited to a relatively short segment of the spine between the l lth thoracic and the 4th lumbar vertebrae (Fig.  7) . Slightly more than half the length of the spinal cord exposed by removing the 2nd lumbar vertebra (lst lumbar spinal cord segment) was displaced rostrally into the vertebral canal of the 1st lumbar vertebra.
Histopathology of the Spinal Cord. Histological features were similar in all dogs in Groups 1 and 2, except Dog 7. Only slight quantitative differences occurred individually. Atrophy was accompanied by increased cellularity of nerve roots in 1st and 2nd lumbar spinal cord sections. Dorsal nerve roots were more severely involved than ventral, but in all cases normal-appearing axons were present. Meningeal changes were limited to the surgical area, the most severe changes occurring in the dura mater. A mass of scar tissue, representing adhesions between dura and endosteum of the spinal canal, was present in 1st and 2nd lumbar spinal cord sections. In some dogs, this was limited to ventral aspects of the dura and did not extend more than one segment in either direction from the site of vertebral fusion. Adhesions of dura to leptomeninges did not occur, but the pia was sometimes slightly thickened in the surgical area. Thrombi were occasionally observed in pial vessels.
A mild, diffuse gliosis of the 1st, 2nd, and 3rd lumbar spinal cord segments occurred in some dogs. It was most common in Group 1, and was accompanied by mesenchymal-cell infiltration around blood vessels principally of the dorsal funiculi.
In all dogs, spinal cord white matter contained degenerated axons, identified by dilated axon cylinders and the presence of Spinal cord segment lengths were calculated from dorsal root origin lengths and interroot interval lengths, both measured from one dorsolateral sulcus of the spinal cord. The length of a cord segment is defined as being equal to the dorsal root origin length plus half the interroot interval length on either side of the dorsal rootlets. The graph was constructed using mean spinal cord segment lengths for dogs in Groups 1 and 2, and for normal dogs, using previously calculated data. 12 The three bars of the graph are for dogs of different sizes, therefore only the relationship between spinal cord segment lengths within each group can be compared.
Fro. 7. Changes in the vertebral-spinal cord segment relationship following 2nd lumbar spondylectomy and spinal column shortening were limited to a four-vertebral segment of the spine between the l lth thoracic and 4th lumbar vertebrae. Changes in this relationship were greatest rostral to the surgical site. debris or macrophages. The distribution and relative frequency of axonal degeneration at various spinal cord levels are illustrated in Fig. 8 . Degenerated axons were most numerous in the surgical area, progressively decreasing in number rostrally and caudally. An occasional degenerated axon could be identified as far rostrally as the 1st cervical and as far caudally as the 6th lumbar segments in all dogs in Group 2. In dogs of Group 1, however, sections at these levels appeared normal, the most rostral and caudal evidence of axonal degeneration being in 7th cervical and 4th lumbar cord segments. Degenerated axons were present in dorsal funiculi in greatest abundance in the 1 st lumbar segment and were found in all segments as far rostrally as axonal degeneration occurred. These funiculi did not contain degenerated axons in the 4th and 6th lumbar spinal cord segments.
The only consistent lesion found in gray matter was axonal degeneration. An occasional dilated axon sheath, either empty or containing debris or macrophages, was observed primarily in ventral horns and central gray matter. This lesion was found only in sections of the cord three to four segments rostral and one to two segments caudal to the site of vertebral fusion. Mild gliosis inconsistently involved gray matter in the surgical area.
The spinal cord of Dog 7 was severely injured at the site of vertebral fusion. Myelomalacia existed at this level and was accompanied by marked, generalized gliosis and scar tissue formation. Microabscesses were present in scar tissue surrounding the traumatized segment. Axonal degeneration in this dog was extensive.
Histopathology of Peripheral Nerves. Dorsal and ventral branches of the 1st and 2nd lumbar spinal nerves were, in some dogs, affected with features of mild atrophy that were histologically similar to, but less severe than, those of ventral roots. Scar tissue surrounded nerve trunks within the surgical area.
Histopathology of Bone. Bodies of the 1st
and 3rd lumbar vertebrae were fused by fibrocartilage and connective tissue. Cartilage maturation, mineralization, and ossification were evident at the junction between cartilage and bone. Intervertebral scar tissue between ventral edges of the two vertebral bodies was partially or completely mineralized. Spinous processes that had undergone necrosis in Dogs 2 and 10 were replaced by highly cellular connective tissue which, in Dog 10, was very vascular and contained small foci of hemorrhage and inflammatory cells.
Discussion
Removal of one or more vertebrae in man has been a treatment for congenital scoliosis, ls'23'~5 for kyphotic deformity associated with myelomeningocele, TM and for neoplastic disease of the spine. 19,2~ In animals, both complete and partial spondylectomy have been investigated as experimental procedures.S. 4,17.21.27 In a report on seven cases of tumors and bone cysts of the human spine, Verbiest 22 concluded that the ideal treatment was to replace the vertebral bodies with bone grafts alone, or to combine grafting with the use of a prosthetic device. Brasmer and Lumb 3,4 inserted a complete vertebral prosthesis in dogs following removal of the second lumbar vertebra. Hamdi TM reported the successful use of stainless steel vertebral prostheses in two human patients following removal of neoplastic lumbar vertebrae. Welply ~* criticized his report because there was no known means of fixing nonviable material to bone and because the gap existing between living tissue and the device was considered a potential site for infection.
Because of discrepancy in spinal cord and vertebral column lengths, most spinal cord segments lie rostral to their corresponding vertebrae. 1~ In the first 3 months of fetal life the human spinal cord coincides in length with the vertebral canal. Thereafter, vertebral structures grow at a faster rate than the spinal cord. At birth the cord terminates at the L-3 level and by adulthood at L-I. x' In the adult dog, the spinal cord terminates at the junction of L-6 and L-7. TM Fletcher and Kitchell x~ related the canine spinal cord segments to the vertebrae of the spinal column, and correlated their data with the length of each nerve root from cord attachment to dural orifice and from dural orifice to intervertebral foramen.
The ability of these dogs to function in a normal manner indicates the compatibility of this surgical procedure with a relatively normal existence. The surprisingly innocuous nature of the procedure in the dog may be the result of well-developed propriospinal and poorly developed corticospinal systems. One can only speculate as to the effects of the procedure in other species. Effective recovery of neurological competence is perhaps an indication of neurological reserve and capacity for compensation in the dog. Histopathological investigation has shown that neuronal injuries did occur with shortening of the spinal column, but these injuries were not reflected in clinical and neurological examinations, except in Dog 7, in which the cord was completely destroyed at the surgical site. Intrinsic spinal cord changes may have resulted partly from surgical trauma. Differences in the pathological changes in dogs of Groups 1 and 2 were nonspecific, and it was generally not possible to differentiate changes at 120 days from those at more than 400 days. More specific means by which the functional ability of dogs may be correlated with the results of neurological examinations and histopathology are necessary.
Mechanically, the spinal cord and brain stem represent a single unit securely fixed above and below. Anatomically, the spinal cord is not rigidly attached to the spinal canal, but functionally, axial and radial movements are insignificant. 5a Breig 6 has related these phenomena to symptoms of spinal cord disorders in man, and has cited evidence 7 supporting "surgical bioengineering" as a treatment for certain spinal cord disorders.
The changes in vertebral-spinal cord segment relationships following shortening of the spinal column were not anticipated. We had assumed that changes would be greater caudal to the surgical site, reflecting a caudal displacement of the spinal cord within the spinal canal. On the contrary, they occurred over a relatively short length of the cord and were more prominent rostral to the site of vertebral fusion. Axial movements of the cord within the canal may have been effectively limited by nerve roots, dentate ligaments, and attachments between the dura mater and spinal canal in the lumbar region. In the experimental dogs, root origin lengths were shorter and interroot intervals were longer for cord segments in the surgical area. This observation undoubtedly reflects atrophy of nerve roots. The relationship between length of dorsal nerve root origins from the cord and the intervals between dorsal root origins and adjacent cord segments, especially those of the 1st and 2nd lumbar segments, appeared to be significantly different from comparable measurements for normal dogs. 11
Our study was restricted to removal of L-2 but the procedure, with slight modifications, is technically applicable to any vertebra of the thoracolumbar spine. At this time, any potential clinical application for complete removal of a vertebra and shortening of the spinal column appears to be limited to the treatment of localized disease processes involving a single vertebra. It seems unlikely that the spine of the dog could be shortened to bridge the removal of two vertebrae. Such a procedure would necessitate redistribution of a fixed volume of spinal cord in a spinal canal of greatly reduced volume. The effects of the spinal nerves in limiting axial movements of the cord within the spinal canal would become a prime consideration.
Summary
The feasibility and effects of shortening the canine spinal column by total removal of the 2nd lumbar vertebra have been studied. The results and conclusions are: 1. A surgical method for 2nd lumbar spondylectomy and shortening of the canine spinal column was developed and studied in 10 dogs, and in nine the techniques were considered successful. 2. Spinal column stability sufficient to allow immediate postsurgical ambulation was achieved by applying a pair of plates bilaterally to the spinous processes and a plate to the approximated vertebral bodies. 3. Spinal column shortening following vertebral removal did not usually result in either diminished physical abilities or neurological deficits. Cord injury was characterized histologically by axonal degeneration in the white matter, atrophy of nerve roots, and gliosis at the surgical site. Loss of spinal stability in one large dog resulted in severe spinal cord injury and permanent paraplegia. 4. The spinal cord adapted to spinal column shortening by becoming intrinsically shorter rather than by being caudally displaced within the spinal canal. Adaptive changes were limited to a relatively short segment of the cord, slightly more than half of which was located rostral to the site of vertebral fusion.
